ABSTRACT The structure of the external stalk and its function in the catalytic mechanism of the F 0 F 1 -ATP synthase remains one of the important questions in bioenergetics. The external stalk has been proposed to be either a rigid stator that binds F 1 or an elastic structural element that transmits energy from the small rotational steps of subunits c to the F 1 sector during catalysis. We employed proteomics, sequence-based structure prediction, molecular modeling, and electron spin resonance spectroscopy using site-directed spin labeling to understand the structure and interfacial packing of the Escherichia coli b -subunit homodimer external stalk. Comparisons of bacterial, cyanobacterial, and plant b-subunits demonstrated little sequence similarity. Supersecondary structure predictions, however, show that all compared b-sequences have extensive heptad repeats, suggesting that the proteins all are capable of packing as left-handed coiled-coils. Molecular modeling subsequently indicated that b 2 from the E. coli ATP synthase could pack into stable left-handed coiled-coils. Thirty-eight substitutions to cysteine in soluble b-constructs allowed the introduction of spin labels and the determination of intersubunit distances by ESR. These distances correlated well with molecular modeling results and strongly suggest that the E. coli subunit b-dimer can stably exist as a left-handed coiled-coil.
INTRODUCTION
F 0 F 1 -ATP synthases are ubiquitous enzymes that are responsible for the bulk of ATP production during oxidative or photophosphorylation in aerobic organisms. These highly asymmetric enzymes use the energy inherent in proton gradients across energy-coupling membranes, such as the inner mitochondrial membrane, the thylakoid membrane of plants, or the plasma membrane of bacteria, to form a high-energy anhydride bond during the synthesis of ATP. One of the simplest members of the ATP synthase family is found in the bacterium Escherichia coli. The membrane sector of this synthase consists of three types of subunits, subunit-a, -b, and -c, with a stoichiometry of ab 2 c 10-15. The membraneassociated F 1 -part of the synthase is only capable of net ATPhydrolysis when dissociated from the membrane. It consists of five different subunits in the stoichiometry a 3 b 3 gde. Three of the six total nucleotide sites are the sites of ATP synthesis or hydrolysis. These catalytic sites are present mainly on the b-subunits. The function of the three noncatalytic sites remains unclear.
Proton translocation is catalyzed by a concerted action of subunits a and c that drives a rotary motion of the c-ring. This rotation is transmitted to the internal stalk, which consists of subunits g and e. Asymmetric interaction of the rotating subunit g with the nucleotide binding sites then results in conformational transitions within the catalytic sites that enable ATP that has spontaneously formed in the tight catalytic site to be released (for earlier reviews, see Boyer (1), Senior et al. (2) , and Yoshida et al. (3)). The concerted movement of the internal stalk of F 1 with the ring of subunits c of F 0 relative to the hexameric ring of subunits a and b implies the structural necessity of a second stalk that functions as a stator during rotational catalysis. Convincing evidence has been provided that this second stalk corresponds in bacteria and plants to a dimer of subunit b and the d -subunit of F 1 (4) (5) (6) (7) . Subunit a of F 0 also appears to be part of the stator and is positioned externally to the ring of c-subunits.
Evidence has been provided that demonstrated interactions of subunit a with the c-ring and the b-dimer (8) (9) (10) (11) (12) . Rotation of subunits c, g, and e has been suggested to generate elastic torque within the internal and external stalks that needs to be stored or transferred to other subunits via concerted conformational changes (13, 14) . Gaining new knowledge on the structure of the stator subunits and their protein-protein interactions is therefore of great importance for understanding the mechanism of energy transduction within the synthase. X-ray structural models of substructures of ATP synthases from different organisms have been available for some time (15) (16) (17) (18) (19) (20) . In addition, NMR and x-ray structural data are available for the smaller subunits e and d (21) (22) (23) . Structural information on subunit a has so far been limited to mutational analysis, chemical modification, and limited proteolysis (for example, see Zhang and Vik (24) ).
The E. coli subunit b forms a homodimeric structure with a highly hydrophobic N-terminal region that likely serves as a membrane anchor (25) . The remaining amino acids are predicted to form extended a-helices with some portions interacting with F 1 . Ultracentrifugation and circular dichroism analyses have suggested that coiled-coil packing would dominate b-dimerization interactions (26) (27) (28) (29) . The structure of the membrane domain of the b -subunit (residues 1-34) has been solved using NMR spectroscopy (30) , and the expression of a truncated, water-soluble subunit b has allowed studies of its dimerization properties (26) (27) (28) 31 ; for reviews, see Dunn et al. (32) and Dunn et al. (33) ). In addition, an x-ray crystallographic structure of a monomeric version of a 60-residue truncated subunit b has been published (34) . A slight right-handed twist of the putative dimerization surface of b was used as suggestive evidence to infer that the b-dimer packs in a right-handed coiled-coil dimer (34) , an unusual quaternary structure that has not yet been directly observed.
The results of studies of disulfide formation at cysteines introduced at asymmetrical positions within the b-sequence were used as additional evidence for a right-handed coiledcoil form for the b-dimer (35) . To accommodate the observations of disulfide bonds at nonhomologous (''staggered'') positions in subunit b and the undecad repeat sequence that is supportive of right-handed coiled-coil, also identified by these authors, a staggered dimer with an interaction surface offset by at least four residues was proposed (35) . A putative offset of 27 Å of the b helices was also suggested as one potential model to accommodate interhelical distances obtained by double electron-electron resonance electron spin resonance (ESR) measurements of site-specifically spin-labeled amino acids in the tether domain of subunit b in reconstituted E. coli F 0 F 1 -ATP synthase (36) . How these staggers and offsets can be accommodated with the nonstaggered transmembrane anchors of the E. coli homodimeric subunit b remains unclear at this time, however.
Deletions of up to 11 residues and insertions of up to 14 amino acids in the bacterial b-dimer have been constructed that retained biological activity (37, 38) , suggesting relatively large flexibility in the structure of b. Constructs where b-subunits of unequal lengths have been coexpressed also resulted in the assembly of catalytically active F 0 F 1 -ATPase (39) (40) (41) . The finding that parts of the tether domain of b (excluding those parts that apparently interact with the F 1 -ATPase) could be exchanged for sequences stemming from cyanobacterial ATP synthase bb9-subunits suggested that there is limited, but required specificity in protein-protein interaction (42) . Although the data obtained from work on bacterial ATPases seem to suggest relatively high flexibility of the b -subunit dimer, both in length and in sequence requirements, the recent x-ray structural model of the mitochondrial external stalk alternatively suggests a very rigid organization (43) . Mitochondrial ATPases contain only a single copy of subunit b, which is supplemented by single copies of the subunits F6 and d. The C-terminal end of b interacts with oligomycin sensitivity-conferring protein, the mitochondrial homolog to bacterial subunit d. The x-ray structure of just subunits b, F6, and d showed a pronounced curvature that seems to perfectly accommodate binding to the F 1 -ATPase (for recent reviews, see Walker and Dickson (44) , Weber (45) , and Weber (46) ).
One important function of the subunit b-dimer seems to be to tether the a 3 b 3 -subunit ring to F 0 , which was indicated by the finding that the binding affinity of subunit d to d-depleted F 1 increases ;500-fold in the presence of b-dimer, providing additional binding energy of more than 15 kJ/mol (47) . This additional binding energy has been suggested to be enough for b to function as a stator (47) . Work from our lab has shown that b-dimer binding strongly influenced the conformation of the catalytic sites in F 1 , rendering a larger population of catalytic sites in a more open conformation (48) . We were also able to map the interaction of the b-dimer with soluble F 1 and showed that b bound to d-depleted F 1 in a different conformation than observed with d-replete enzyme (49) .
We and others have employed ESR spectroscopy with the use of stable nitroxide radicals to extensively study proteins and enzymes, including F 1 -ATPases from different organisms. Either the stable radicals employed can be linked to enzyme substrates (50-60; for reviews see Trommer and Vogel (61) and Vogel (62)) or they may be introduced by cysteine-specific spin labeling (63, 64) . The use of these probes has allowed the observation of conformational transitions upon protein-protein interactions, during catalytic turnover as well as protein-dynamic events.
In the work described here, 38 single cysteine mutations were introduced into E. coli subunit b, which were then chemically modified with cysteine-reactive spin labels. The use of the often employed cysteine-specific methanethiosulfonate spin label (MTS-SL) and the acquisition of the ESR spectra in frozen solution allowed us to determine interspin distances through evaluation of dipolar line broadening of the resulting spectra. The distances obtained from spin labels introduced at the same amino acid positions along the b-dimer correlated well with the distances obtained for left-handed coiled-coil molecular models of the subunit b-dimer. The propensity to form left-handed coiled-coil structures was investigated for bacterial, cyanobacterial, and plant b-subunits and b-subunit homologous proteins. Our results strongly suggest that b-dimers can fold into stable, left-handed coiledcoils.
MATERIALS AND METHODS

Mutagenesis and expression of subunit b
The single cysteine mutations of subunit b were obtained by standard molecular biology techniques and as described here. Cysteine mutations of the truncated subunit b-dimer were expressed in E. coli strain JM109. For easier purification, a vector was created based on the previously published pDM3 (31) that included a C-terminal His-10-tag sequence. This plasmid was used for the creation and expression of new mutations or for the expression of previously generated b-mutations recloned from pDM3 with EcoRI and SacI.
Purification and chemical modification of subunit b
Truncated single cysteine mutations of b-dimer without His-tags were purified as described (31) . The protein-containing fractions were assayed for protein content using the Bradford technique (65) and were pooled and concentrated to 3-5 ml using Amicon ultraconcentrators equipped with PM-10 membranes (Millipore, Bedford, MA). The protein was then aliquoted and stored at À80°C. Alternatively, the His-tagged proteins were applied to nickel-nitrilotriacetic acid agarose column in a buffer containing 50 mM TrisHCl, 100 mM NaCl, 30 mM imidazole, 1 mM dithiothreitol, pH 8.2. Protein was eluted with the same buffer supplemented with 250 mM imidazole. The protein-containing fractions were pooled and concentrated using Centricon-10 microconcentrators (Millipore).
For chemical modification, the proteins were transferred into a buffer consisting of 50 mM TrisHCl, 5 mM MgSO 4 , pH 7.5 with either 300 mM KCl or 10 mM KCl. Buffer change was accomplished by passage of the proteins through a Sephadex G-25 column (Roche, Basle, Switzerland) equilibrated with the desired buffer. The protein-containing fractions were again pooled and concentrated to 2-3 ml using Centricon-10 microconcentrators. Protein concentration was determined using the Bradford method (65). The samples were then incubated for 30-60 min at 4°C or 20°C with 4-(2-iodoacetamido)-2,2,6,6-tetramethylpiperidine 1-oxyl (IAAT) or (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) MTS-SL (100 mM in acetonitrile or dimethyl sulfoxide) at a 5-to 10-fold molar excess of spin label over b-dimer. Excess spin label was removed with the same column system as in the previous step. The modified b-dimer fractions were concentrated in Centricon-10 microconcentrators and were stored at À80°C. Protein purity was verified using sodium dodecyl sulfate polyacrylamide gel electrophoresis (66) . IAAT spin label was purchased from Sigma (St. Louis, MO). MTS-SL was a generous gift from Kalman Hideg, Hungary, or purchased from Toronto Research Chemicals (Toronto, Canada). Typical concentrations of spin-labeled b-subunits were between 20 and 100 mM. The extent of spin labeling was assayed by double integration of the resulting ESR spectra and was typically .80%.
ESR spectroscopy
ESR spectra were acquired at a Bruker ESP-300 E equipped with a dielectric cavity TE001 or a Bruker EMX 6/1, either equipped with a dielectric cavity TE001 or a high sensitivity cavity (Bruker, Billerica, MA). All spectra were acquired in the X-band mode with a peak-to-peak modulation amplitude of 1 G. The receiver gain was adjusted to the protein concentrations and the degree of labeling of the samples. The microwave power was 12.5 mW, and the spectra were acquired at 193 K or 223 K. The buffer used for ESR spectroscopy was 50 mM TrisHCl, 5 mM MgSO 4 , and 300 mM KCl, pH 7.5 or 50 mM TrisHCl, 5 mM MgSO 4 , and 10 mM KCl. ESR spectra were recorded in either the presence or absence of 20% (v/v) glycerol. The spectra were analyzed using a convolution algorithm assuming a Gaussian distribution of distances as previously described in detail in Hustedt et al. (67) , and that was developed according to the procedures described in Rabenstein and Shin (68) and Steinhoff et al. (69) .
Modeling the spin-labeled cysteinyl residue
The structure of the IAAT spin-labeled cysteine residue, and the MTS-SL cysteine residues were drawn using Molecular Simulations InsightII program (v. 2000.1; Insight Interactive, Rocky Hill, CT). Quantum mechanical simulations of the spin-labeled derivatized cysteinyl residues to locate equilibrium geometries were performed using the program GAMESS (70) , employing an unrestricted Hartree-Fock 6-31 basis set. The calculation of a Hessian matrix on the minimized structures allowed deduction of partial atomic charges for the residues. The program MOLDEN (G.Schaftenaar, Centre for Molecular and Biomolecular Informatics, Nijmegen, The Netherlands) was used for visualization of the quantum mechanics-/molecular mechanics-derived structures (71) . Parameters and topology files were created using these data and by analogy to the work of Fajer and co-workers (72) . All hydrogens were included in the simulations and parameterizations. Solvent-accessible surface representations were calculated by the MSMS program described in Sanner et al. (73) .
Modeling of the b-dimer coiled-coil domain
The E. coli ATP synthase b-dimer coiled-coil domains were modeled as described (Wise and Vogel, preceding article). Prediction of heptad repeats in the subunit b amino acid sequence was performed with the Paircoil2 program (74) using a sequence window size of 28 residues or the Multicoil program (75) . The Visual Molecular Dynamics (VMD) suite of programs (76) was extensively used for the visualization and analysis of protein structures. The extraction of distance and dihedral data from known protein structures was performed using the Tcl/Tk (77) and Python (78) scripting interfaces incorporated into the VMD graphical user interface. Briefly, seven known lefthanded, dimeric coiled-coil entries in the Protein Data Bank were analyzed within their coiled-coil domains with the Paircoil2 program and Tcl-scripts run in the VMD program to generate a set of ideal distance and dihedral restraints for dimeric left-handed coiled-coil domains. These ideal restraints between homologous heptad positions between Ca atoms were calculated and averaged and then applied to the subunit b heptad positions predicted by Paircoil2 to generate distance restraint tables for homologous interchain Ca atoms. In addition to these Ca distance restraints, f and c dihedral angle and long-range intrasubunit distance restraints were employed.
The ideal distance and angle restraint tables generated for the subunit b-sequence were then used in ab initio simulated annealing (SA) experiments with the XPLOR-NIH suite, versions 2.11-2.18 (79) as described in Wise and Vogel (preceding article). These experiments generated left-handed coiled-coil structures for subunit b between residues 31 and 122. Initial models were refined, and a subset of acceptable structures was identified. Where appropriate, specific residues of subunit b were individually substituted with the spin-labeled cysteine residue, and additional ab initio SA calculations with the modified residue and restraint data corresponding to ESR distance measurements were performed. These experiments were either independent models generated (Wise and Vogel, preceding article) or used the backbone Ca atom positions fixed to the positions identified in the best model for the underivatized subunit b-dimer.
The computers used were Intel Pentium P4 32-bit single CPU units running OpenSuse10 or Scientific Linux 5.0 and a 44-CPU Linux computing cluster with either Scientific Linux 5.0 or FedoraCore 4 Linux operating systems.
RESULTS
Sequence alignment of b-subunits
We used the multiple sequence alignment program ClustalW (80) to align 53 subunit b-sequences and b-homologous subunits selected from bacteria, cyanobacteria, and flowering plants. The results were visualized with Jalview version 2.2.1 (81) and are shown in Fig. 1 . The sequence numbers given at the top of Fig. 1 correspond to the E. coli subunit b numbering. The sequence for E. coli b is emphasized, as is the sequence of subunit b of the cyanobacterium Synechocystis sp. PCC 6803, which is also studied in our lab. The different origins of the subunits are listed in Table 1 . It is clear from Fig. 1 that very little sequence similarity exists among the various members of the b-protein family with only a very limited number of identifiable conserved amino acids. This observation is consistent with a structural role for the b-subunits within the overall F 0 F 1 -ATPase complex that does not require distinct amino acid interactions at defined positions for catalytic process to occur. It is to be expected, however, that if the b-subunits are to play similar structural roles in the different ATPases, the different sequences should be able to adopt similar overall protein structures.
Structure prediction of coiled-coil formation for E. coli b and other b -like proteins Since it had been suggested earlier and prior experimental support had been provided that b-subunits exist as elongated, dimeric, a-helical structures, we employed the improved structure prediction program Paircoil2 (74) . Paircoil2 was developed to identify residues that have a high probability of being in a heptad repeat. Left-handed coiled-coils are defined by repeating units of seven amino acids (heptad repeats) with a general requirement for apolar residues at the first and fourth heptad positions A and D (82). This arrangement allows the helices with only very slight deformation to undergo ''knobs into holes'' packing and to form stable dimerization surfaces (82) . The Paircoil2 algorithm was created by analyzing a large set of known coiled-coil structures from the Protein Data Bank (74) . The program's ability to identify coiled-coil structural motifs was then tested on a second set of known left-handed coiled-coils that was not included in the original set of structures (''leave-family-out cross validation''). A ''P-score'' for each amino acid is then calculated for each residue in the to be analyzed protein, which corresponds to the probability of that amino acid being found at a certain position within a heptad repeat. A P-score cutoff of 0.03 corresponds to .99% correct prediction of negative residues (specificity) and .73% correctly predicted positive residues (sensitivity) within a given sequence. The results of Paircoil2 analysis of the b-and b-like protein sequences are shown in Fig. 2 . The E. coli b amino acid numbers are given in the x axis for reference, and the P-score for E. coli b is shown as a red line. The P-score of a b-homolog sequence from the cyanobacterium Synechocystis PCC 6803 is shown in blue. The horizontal black line depicts a P-score cutoff of 0.03.
With relatively few exceptions, all compared b-sequences have long stretches of amino acids that show P-scores of 0.03 or less. For E. coli b, the region between position 31 (closely following the ''hinge-proline'' at position 28) until 122 can be predicted with great confidence to consist of consecutive heptad repeats, which is strongly suggestive of a high propensity to form a left-handed coiled-coil structure. A different representation of the predicted heptad repeats shown in Fig. 2 was imaged with Jalview (81) and is given in Fig. 3 . For better visualization, each of the heptad positions (A, B, C, D, E, F, G) was assigned a different shade of red from lightest (A) to darkest (G). A heptad pattern in Fig. 3 is very obvious and pronounced for all of the sequences. Some sequences show uninterrupted heptad repeats for more than 10 repeats. Some sequences show smaller numbers of uninterrupted repeats (e.g., E. coli subunit b shows six uninterrupted repeats) that are followed by discontinuities and then resume heptad repeat patterning.
Two types of discontinuities have been commonly observed in left-handed coiled-coil proteins (83) . ''Stutters'' correspond to a three-residue deletion within a heptad and ''stammers'' correspond to four-residue deletions. These discontinuities in heptad repeats are well documented for classic left-handed coiled-coils and are discussed in Brown et al. (83) . These authors hypothesized that the main function of the discontinuities is FIGURE 1 Sequence similarity prediction of b-subunits. Arbitrarily selected b-subunit sequences of bacterial, cyanobacterial, and plant F 0 F 1 -ATP synthases were aligned using the ClustalW alignment series (78) . Different degrees of amino acid identity or homology are implied by different shades of coloring. For better legibility, the sequences in the figure were truncated after the last E. coli amino acid.
to accommodate different degrees of supercoiling within a coiled-coil structure. Stutters have been shown to produce an underwinding of the coils, whereas stammers seem to lead to overwinding of the helices. Importantly, depending on the position of a stutter within the heptad sequence, consecutive heptads with a stutter discontinuity might very easily be mistaken for undecad (7 1 4) repeats.
ESR spectroscopic determination of interspin and interchain distances within the b-dimer of E. coli ATP synthase
We utilized 38 single-cysteine mutations that were introduced into a soluble, truncated construct (31) of the E. coli b-dimer. In earlier work, we showed that the mutated and spin-labeled subunits b-dimerized normally under the conditions used for our ESR experiments (49) . To determine interspin distances, ESR spectra of the soluble b-dimers were recorded in frozen solution at different salt concentrations and in the presence or absence of 20% (v/v) glycerol at either 193 K or 223 K. Although spectra acquired at 223 K showed more fine structure due to the higher mobility of the radicals, which increased our confidence in the subsequent simulations of these spectra according to Hustedt et al. (67) , spectral simulation of the spectra acquired at 193 K revealed interspin distances that were within experimental error of those acquired at 223 K. Fig. 4 shows a representative set of ESR spectra of b-dimers that were MTS-SL at specific positions between amino acid 101 and 113 acquired at 193 K. The acquired spectra (black) are overlaid with the corresponding fitted curves (red). Fitting was accomplished as described in Hustedt et al. (67) . Fig. 5 shows a typical set of ESR spectra of MTS-labeled b-dimers acquired at 223 K. The modified amino acids are given in the figure. In this figure as in the previous, the acquired spectra (black) are overlaid with the respective simulated spectra (red). Gossypium hirsutum FIGURE 2 Structure prediction of the b-dimers. Paircoil2 (74) was used to determine the propensity of the b-sequences shown in Fig. 1 to be part of heptad sequences, a prerequisite for the formation of left-handed coiled-coil packing interactions. A P-score is given to each individual amino acid by the program that defines the probability of this amino acid to reside at a certain position within a heptad. A P-score lower than 0.03 (black horizontal line) indicates a very high probability of amino acids being at heptad positions. The red line indicates the P-scores for E. coli subunit b, and the blue line shows the P-scores for the b-subunit of the cyanobacterium Synechocystis sp. PCC 6803, which we also study in our lab group.
Molecular modeling of E. coli subunit b into left-handed coiled-coil structures
Using molecular modeling approaches as described (Wise and Vogel, preceding article) and briefly discussed in Materials and Methods, we were able to create low-energy structural models of the E. coli subunit b-dimer in an unstaggered left-handed coiled-coil. To test these structural models using ESR spectroscopy, we also parameterized the two spin labels used in this study, IAAT and MTS-SL, so that they could be incorporated into SA studies. Using these computational approaches, we were able to test whether the distances we measured in ESR experiments between MTS or IAAT spin labels introduced at various positions along the b-dimer could be accommodated by the models. We applied these approaches to two general strategies of modeling the spin-labeled mutated sequences. First, we performed ab initio SA studies using distance and angle restraint tables for subunit b that we previously used to create acceptable dimeric models and included the ESR distances determined in a given set of experiments. We also tested whether the ESR measured distance could be satisfied by spin labels introduced into dimers that were constrained to the best dimeric models we had created previously for the underivatized subunit b proteins. In either case, the modeling was performed to determine whether the modeled left-handed coiled-coils could accommodate the distances we determined in our ESR measurements or whether these distances would be inconsistent with the models. The modeling of individually FIGURE 3 Heptad repeats are in all compared sequences. In a different visualization using Jalview version 2.2.1 (81), the Paircoil2-assigned heptad positions of the sequences compared in Fig. 1 are shown as different shades of red. The heptad positions for E. coli amino acids are shown in the third row. The amino acid numbers for E. coli are given on top of the figure. The alignment is shown between E. coli amino acids 30 and 122, which show the highest propensity for left-handed coiled-coil formation.
introduced spin-labeled residues allowed us to correlate average distances between doubly labeled proteins in collections of geometrically acceptable left-handed coiled-coil models with actual distance measurements made via ESR experimentation on doubly labeled subunit b proteins. In Fig.  6 are shown examples of lowest energy molecular models that were created as described above and that show MTScysteinyl amino acids at three randomly selected different positions (amino acid position 109, left panel; position 83, middle panel; and position 68, right panel) within the b-dimer in a left-handed coiled-coil structure. The interspin-label distances (NO to NO distances) derived from molecular modeling are shown in Fig. 6 .
Interspin distances obtained by site-specific spin labeling correlate well with distances obtained from molecular modeling Fig. 7 shows the comparison of interspin NO-NO distances obtained through evaluating the dipolar line broadening of spatially close spin labels attached to specific residues within the subunit b-dimer of E. coli F 0 F 1 -ATPase and the NO-NO distances obtained from molecular modeling based on lefthanded nonstaggered coiled-coil models as shown in Fig. 3 in Wise and Vogel (preceding article). All structural models from which these results were obtained were solved with restraint data sets that produced dimeric left-handed coiledcoils that had no distance restraint violations .2 Å or dihedral restraint violations .5°and had no deviations from ideal bond lengths .0.1 Å and no deviations from ideal bond angles or impropers .5°. These acceptable models were all produced without violating the included ESR-derived restraint data, indicating that these left-handed coiled-coil models of the subunit b-dimer could accommodate the ESRderived intersubunit distances. It should be noted that ESR distances determined by simulation to be much larger than 25 Å were arbitrarily set to 30 Å . Such distances cannot be accurately determined using the employed continuous wave ESR spectroscopy technique. If simulations repeatedly gave distances between 25 and 30 Å in different experiments and if these distances also coincided with the distances obtained by molecular modeling, their values were included as measured into the figure. The x 2 values of the fits were between 9.5 3 10 2 and 1.7 3 10 4 for all fits. The x 2 values differed depending on the protein concentrations and the resulting variations in the signal/noise ratios of the spectra. The squares designate the ESR-derived interspin distances, the circles correspond to the distances calculated from molecular modeling, as described in Materials and Methods. The correlation between experimentally determined and modeled distances is striking and very strongly suggests that indeed the E. coli b-dimer can fold as a left-handed coiled-coil structure under the conditions used in these experiments.
Initial attempts at including ESR-derived distance restraints into SA experiments to generate models of righthanded coiled-coils have been unsuccessful mostly because of the lack of predictably and reproducibly in obtaining righthanded coiled-coil structures (see Wise and Vogel, preceding article). This may be due to the fact that the right-handed coiled-coil restraints used were based on data derived from manipulated tetrameric right-handed coiled-coil structures (Wise and Vogel, preceding article) and may not be sufficiently complete to guarantee right-handed dimeric structures from SA experiments. Additionally, it should be noted that only a short portion of the subunit b-structure could be modeled as a right-handed coiled-coil, whereas we were unable to obtain such a structure for the full-length cytosolic part of b 2 . These problems made unequivocal distinction between right-handed and left-handed coiled-coil structures by simply comparing putative differences in the interspin distances for the two different structures not yet possible.
DISCUSSION
The structure of the subunit b-dimer of bacterial F 0 F 1 -ATP synthases and its role as a stator during rotational catalysis remains one of the last unsolved questions in the elucidation of the mechanism of this fascinating enzyme. The rotational mechanism as we understand it involves the proton-driven rotation of 10-15 subunits c (depending on the source of the ATP synthase), which is then coupled to the three-step rotary motion of the central-stalk subunits g and e, which can each be subdivided into two unequal substeps (for recent advances see Adachi et al. (84)). Despite tremendous efforts, relatively little is known about the structure of the bacterial external stalk. So far no high-resolution structure is available for the b-dimer itself. Most information to date for the cytosolic portion of b stems from circular dichroism spectroscopy, disulfide cross-linking studies, ESR spectroscopy, and the xray structural model of a monomer of the dimerization domain of the E. coli F 0 b-subunit.
Although the curved structure shown in the x-ray crystallographic model of mitochondrial subunit b together with its helper proteins d and F6 suggests that this protein complex may be more or less rigid and inflexible in nature (43, 44) , studies of the homologous bacterial subunit b-dimer strongly implied a rather flexible character of the proteins with a high degree of plasticity. As discussed earlier, sequence insertions and deletions as well as substitutions with peptide sequences from different b-proteins still allowed the assembly of functional ATP synthase (37) (38) (39) (40) (41) . Whether a flexible connection between F 1 and F 0 is needed for interim storage of energy during rotation of the subunit-c ring until enough energy is accumulated for the larger rotary steps of subunit g as was suggested by the Junge lab (13, 14) and others, or whether the second, external stalk functions as a rigid stator to simply facilitate F 0 F 1 -assembly and stabilize the structure has yet to be elucidated. Alternatively, although rather unlikely, one could hypothesize that bacterial and chloroplast ATP synthases, which both contain dimeric external stalks, might function differently from those enzyme complexes found in mitochondria. In any case, understanding the structure and potential dynamics of the b-dimer will have an immense FIGURE 7 Comparison of distances from ESR experiments and molecular modeling. Interspin distances of MTS-SL-labeled b-dimers are compared that were either derived from the dipolar broadened ESR spectra (squares) or from molecular modeling the E. coli subunit b-dimer as a left-handed nonstaggered coiled-coil as described in Materials and Methods (circles) and see Fig. 3 of Wise and Vogel (preceding article). Distances stemming from ESR spectral simulations that were )25 Å were arbitrarily set to 30 Å . Distances up to 30 Å are given in the figure if they were reproducibly obtained from the simulations and if they also correlated well with the distances derived from molecular modeling.
impact on our understanding of the rotary mechanism of nature's smallest and most efficient rotary motor.
Alignment and secondary structure prediction of various bacterial, cyanobacterial, and plant subunits b
Of the 53 different b and b-homologous proteins that were aligned in Fig. 1 , only limited sequence similarity could be identified. This finding seems to be consistent with a structural role of the b-dimer that does not require specific interactions of catalytically important amino acids with the rest of the complex. The fact that indeed these different amino acid sequences may adopt very similar overall structures became obvious when the amino acids were compared with regard to their propensity to form certain structural assemblies. Using the improved structure prediction program Paircoil2 (74), the b-sequences were examined with regard to their potential to form a left-handed coiled-coil structure that is observed in many parallel, extended a-helical proteins. The Paircoil2 algorithm assigns each amino acid a score that indicates its probability of contributing to heptad repeats that are characteristic of left-handed coiled-coil structures. The P-score of ;0.03 for E. coli b-subunit residues 31 to ;124 implies a very high (.97%) probability that the corresponding amino acids are part of a heptad repeat sequences. Figs. 2 and 3 show that the amino acid sequences for b-subunits from very different organisms also have extended heptad repeat stretches in their sequence. Some of the predicted repeats stretch for 100 amino acids or more and at P-scores of 0.03-0.045. For the E. coli b-dimer this corresponds to ;60% of the total b-protein length or 70% of the cytosolic part of b. These observations strongly suggest that the b-proteins analyzed here seem capable of forming left-handed coiled-coil structural interactions.
At first glance, some of the repeats seem to be broken by 3 or 4 amino acid inserts or deletions (stutters or stammers). These sequences then resume the heptad repeat successions. Such discontinuities have been reported as an integral part of many left-handed coiled-coils and were found to cause under-or overwinding of the helical supertwist (83) as well as allow formation of interaction interfaces that might stabilize the helical packing. It is interesting to note that the stutters observed in the E. coli b occur at amino acids 73/74 and then again at 93/94, an area that we proposed earlier to be in direct contact with soluble ATPase (49) . The existence of stutters in this particular part of subunit b may be to create a proper interaction surface for binding to the F 1 -ATPase. In summary, it seems clear from Figs. 2 and 3 that extended series of heptad repeats, sometimes interrupted by stammers or stutters, are to be found in the b-sequences analyzed. These results strongly suggest that left-handed coiled-coil structures can be accommodated in b-subunits from many different species.
Molecular modeling of E. coli subunit b-dimer as a left-handed coiled-coil structure and validation of the model using site-directed spin labeling and ESR spectroscopy
The conserved heptad repeat sequences found for almost all b-subunit analyses encouraged us to create models of the soluble part of E. coli subunit b using molecular modeling techniques as described in Wise and Vogel (preceding article). The models created using SA techniques showed that subunit b-dimer can exist as low-energy left-handed coiledcoil structures that have no violations in protein geometry, bond lengths, or f or c dihedral angles. The lowest energy structure was then used for validation by ESR spectroscopy. To achieve this goal, 38 single cysteine mutations were generated in an otherwise cysteineless protein background of a soluble part of E. coli b that was first introduced by the Dunn lab (31). Since the b-subunits are coded by a single gene, this approach resulted in b-dimers that carry the mutation at the same amino acid position in each of the monomers. Modification of the introduced cysteines with cysteine-specific spin labels and ESR spectroscopy of samples in frozen solution then allowed us to determine the distances between the two introduced radicals by evaluating the line broadening of the resulting ESR spectra caused by dipolar interaction of the spins. ESR spectra were recorded either at 193 K or at 223 K and representative sets of ESR spectra overlaid with the corresponding simulated curves for distance estimation are shown in Figs. 4 and 5. Although acquisition of the spectra at 223 K allowed more spectral detail, the distances we obtained through spectral simulation were within error range whether the spectra were obtained at 223 or 193 K. The spectra shown are those of MTS-spin-labeled subunit b-dimers. The use of the somewhat longer and less rotationally restricted acetamido-TEMPO spin label resulted in large variations in estimated distances and was deemed to not be very reliable.
To compare the interspin distances obtained from ESR experiments with the distances we obtained from molecular modeling of the subunit b-dimer, we created the topology and parameter files for both spin labels used in our experiments, IAAT and MTS-SL, and introduced the corresponding cysteinyl spin label moieties into the molecular modeling protocols together with distance restraints for interspin distances that were obtained from individual ESR experiments. We then produced left-handed coiled-coil models for each IAATor MTS-SL-substituted subunit b-dimer and determined whether the resultant models could accommodate the ESR distances without violating the left-handed coiled-coil structures. Results from these modeling experiments (examples are shown in Fig. 6 ) showed that distances between modeled spin labels in these low-energy left-handed coiled-coil structures correlated very well with the distances we calculated from cysteinyl-spin-labeled b-dimers in the ESR experiments (see Fig. 7 ). At no position tested did the modeling of left-handed coiled-coil dimers conflict with an included ESR-derived distance restraint.
It should be mentioned here that some of the interspin distances in the b-dimer, especially those on the outer surfaces of the helices, were too large to be accurately determined by the continuous wave ESR spectroscopy that we performed. We arbitrarily set these longer distances to be 30 Å in the modeling experiments shown in Fig. 7 . What is remarkable in Fig. 7 is the exceptional correlation of the short, more accurately determined interspin distances as well as the overall overlay of the distance variations along the amino acid sequence.
It has recently been proposed that the E. coli subunit b-dimer folds as a very unusual right-handed coiled-coil (34, 35) . The reasons that the authors gave for this so far not observed dimer packing interaction were their observation of what they considered a ''slight right-handed twist'' of a putative dimerization surface in the x-ray structural model of a monomeric form of the b-dimerization domain as well as ''out-of-phase'' disulfide cross-links in the amino acid range from position 68 to 93. We have observed unstaggered crosslinks at positions 101, 105, and 109 (data not shown), as others have (for review see Altendorf et al. (85) ) at regions below and above those residue pairs reported by Del Rizzo et al. (35) to form staggered disulfide cross-links. These results taken together create problems in rationalizing the overall fold of subunit b, since exceptionally rapid changes from unstaggered to staggered to unstaggered coiled-coils need to be accommodated. Curiously, the sequence that seems to allow the formation of the ''staggered'' cross-links is very close to the observed stutters in the heptad repeats as identified in Figs. 2 and 3 . Due to the lack of a stringent model for a righthanded coiled-coil (discussed in Wise and Vogel, preceding article) and also due to the short stretch of subunit b that seems to show this unusual behavior of staggered cross-links (only 25 residues), we were unable to determine whether the distance data derived from ESR spectroscopy could distinguish between a right-handed, staggered arrangement and the lefthanded coiled-coil that is supported by our modeling.
Assuming that a left-handed coiled-coil arrangement with a loosening of the packing due to the stutters predicted for this region (see Wise and Vogel, preceding article, and Brown et al. (83)) exists for the subunit b-dimer, one can speculate that the formation of an ''unstaggered'' dimer interaction surface may position the thiol groups in geometries that are unfavorable for chemical cross-links, whereas amino acids four to seven residues away may turn into the helical interfaces (maybe more so due to the stutters) and approach a more favorable reaction geometry. This would have the effect that in the course of the 24-h disulfide-formation incubations as described in Del Rizzo et al. (35) cross-links might form between staggered positions that would normally not have been favored. In any case, interpretation of these experiments that show only a short sequence of subunit b to be ''out of phase'' remains problematic.
CONCLUSIONS
Using ESR spectroscopy and site-directed spin labeling of 38 individual residues in subunit b, we were able to generate a set of intermolecular distances between defined points in the dimer. We employed structure prediction programs that strongly suggested that the subunit b-dimer can adopt lefthanded coiled-coil structures. Molecular modeling of the E. coli subunit b-dimer in ab initio SA experiments that used restraints based on ideal left-handed coiled-coil proteins allowed us to identify acceptable left-handed coiled-coil structures for the soluble portion of the E. coli b-dimer. Incorporation of the ESR-derived distance data into these models allowed us to validate the sequence-based predicted heptad repeat patterns and the left-handed coiled-coil structural models derived from the SA modeling experiments. The results indicate that the subunit b-dimer of the E. coli ATP synthase can adopt a left-handed coiled-coil structure between residues 31 and 116. Due to the lack of reproducibility of right-handed coiled-coil structural models for b 2 as well as the fact that only a short portion of the b-dimer could be modeled in the form of a right-handed coiled-coil, we are not yet able to unambiguously distinguish between the two potential different structures by comparing interspin distances.
Although the question of a putative elastic nature of the subunit b-dimer could not be addressed in this approach, these described experiments have set the stage for experiments currently underway in our lab, where we will test potential structural deviations of the b-dimer upon binding to F 1 . We are also in the course of investigating potential changes in the b-dimer packing in the whole F 0 F 1 -ATP synthase during nucleotide binding and formation of ATP-hydrolysis transition states to test whether catalytic turnover causes structural transitions in the b-dimer. These latter experiments seem the perfect means to study the potential elastic nature of the b-dimer in the course of catalytic turnover.
